Under prolonged electron-beam exposure, perovskite-structured SrTiO 3 :Pr,Al,Ga (STO) phosphor can be easily reduced due to oxygen loss. In particular, it is well known that dissociative H 2 O molecules are well adsorbed on reduced STO surfaces. The hydroxyl species produced by such dissociative adsorption of H 2 O strongly decompose organic compounds chemisorbed on the surface from vacuum ambient used in display devices into carbon species due to the photocatalytic properties of STO. Consequently, it is very likely that this mechanism attributes to the larger amounts of carbon adsorption by electron-stimulated chemical reactions on the STO phosphor surface than other phosphors.
I. INTRODUCTION
Recently, vacuum fluorescent displays (VFDs) have been investigated for application as display devices for dashboards in cars and cockpits in airplanes, placing severe demands for screen brightness. 1 Above all, under these applications, to maintain the adjusted initial color coordinate and such high brightness, the phosphor particles are irradiated for a long time under a high anode current. If any of the selected red, green, and blue (RGB) phosphors tailored for the VFDs suffer from this environment, the light output will decrease, resulting in a color coordinate shift in the display over its lifetime. 2 Thus for applications where high current density of electron beam is used, such as in VFDs, the degradation behavior is expected to be a major selection criterion for the phosphor. 3 Satisfying these requirements, VFD manufacturers have selected phosphors that are already known and reported in literature. 4 However, among the RGB phosphors for the VFDs, (Zn,Cd)S:Ag,Cl currently used as the red-emitting phosphor needs to be substituted by other oxide phosphors in the near future due to instability of the host lattice, such as sulfide and Cd-containing material. [5] [6] [7] Thus, the development of new red-emitting phosphors with high efficiency is urgently needed for low voltage display applications. In 1996, a new red-emitting phosphor, SrTiO 3 :Pr 3+ was successfully developed by adding Al and/or Ga, which offers the high low voltage cathodoluminescence (CL) efficiency and excellent color purity. [8] [9] [10] SrTiO 3 :Pr,Al,Ga (STO) phosphor-based low voltage display devices, however, have exhibited short lifetimes. The characteristics of these drawbacks include rapid degradation of low voltage CL of phosphors. Even though there have been several reports on these properties, there is no clear-cut understanding yet. [11] [12] [13] Thus, in this study, we propose a new mechanism which can provide explict understanding as to the rapid degradation of low voltage CL.
II. EXPERIMENTAL

A. Synthesis of phosphors
The SrTiO 3 :Pr,Al,Ga phosphor samples were prepared with solid-state reaction among Sr(NO 3 ) 2 , TiO 2 , PrCl 3 , Al(OH) 3 , and Ga 2 O 3 . The phosphor powders were prepared in a series of mixing, calcining, ball-milling, sieving steps. The calcining is done in air at 1300°C for 4 h. Figure 1 shows the x-ray diffraction (XRD) patterns of SrTiO 3 :Pr 3+ (0.2 mol%) doped with 20 mol% of Al
3+
and/or Ga 3+ . As a reference, an XRD pattern of SrTiO 3 is also shown in Fig. 1 . A change is not observed in the XRD pattern by the addition of group-IIIb ions. The CL spectrum of SrTiO 3 :Pr,Al,Ga is shown in Fig. 2 . The CL spectrum has a peak at 617 nm, which is attributed to the intra-4f transitions from the excited state 1 The synthesized phosphor was molded into a pellet of a disk and placed inside a vacuum chamber that used a thermionic electron gun (Kimball Physics, Wilton, NH, FRA-2 × 1-4347 B). The electron beam conditions during irradiation for the preparation of degraded samples were the electron acceleration voltage of 1000 V, the excitation-current density of 157.9 A/cm 2 , and the vacuum level of 3 × 10 −6 Torr. We noted that all the degraded area was visibly darker than the green areas of phosphors, and this made the alignment of subsequent measurements much easier.
C. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was performed using a Physical Electronics (Kanagawa-ken, Japan) 5800 ESCA system equipped with a dual x-ray anode (Mg and Al). Data were obtained with Al K ␣ radiation (1486.6 eV) at 300 W (15 keV, 20 mA). Survey scans were collected over the range 0-1100 eV with 187.85 eV pass energy detection. With 23.5 eV pass energy detection, close-up scans were collected on the peaks of interest for the different elements. A base pressure of 10 −9 Torr was maintained during the experiments. Figure 3 shows the degradation behavior of the 1 keV CL measured on several low voltage oxide phosphors for electron doses up to 0.35 C/cm 2 . As shown in this figure, the most serious degradation of low voltage CL was observed in the STO phosphor among the analyzed above. It has been reported that the rapid degradation of CL of STO phosphor may be attributed to the larger amounts of carbon adsorption by electron-stimulated chemical reactions (ESCR) on the surface of the phosphor than the other phosphors under the same condition. 12 Seager et al. demonstrated that extended electron-beam exposure produces a contaminating overlayer on phosphors, and this layer is graphitic in nature, arising from the electronbeam-stimulated conversion of hydrocarbons adsorbed from the vacuum ambient.
III. RESULTS AND DISCUSSION
14 Also, it has been known that the presence of this carbon overlayer adsorbed on the phosphor surface during electron irradiation may play a dominant role [for example, (i) absorption of the luminescence by the carbon overlayer, (ii) attenuation of the energy of the incoming electron beam, and (iii) alterations of phosphor charging behavior caused by the effect of the overlayer on the emission of secondary electrons, etc.]. This dominant role may be large enough to explain the rapid degradation of the CL process. However, in spite of such a serious effect of carbon adsorption on the phosphor surface, there are many ambiguous corners about the understanding of degradation mechanism. Thus, in this study, the mechanisms for heavy adsorption of carbon on the surface of STO phosphor leading to the rapid degradation of CL process are proposed. In this study XPS analysis for STO prior to and after electron irradiation was performed to study the detailed changes characterizing the surface chemical reaction on the phosphors during low voltage electron irradiation. The characteristic results in Figs. 4(a)-4(d) show XPS spectra of the C, Sr, Ti, and O present on the surface of STO phosphors, respectively, prior to and after electron irradiation. 
As shown in Fig. 4(a) , the XPS study showed that the amount of carbon absorbed increased during electron irradiation on the phosphor surface, which is consistent with previous results. 12 However, the XPS signal of the other constituents except carbon for STO after electron irradiation decreased in overall intensity compared to that prior to electron irradiation. These results are consistent with the fact that the corresponding Sr, Ti, and O signal depletion is a consequence of the adsorbed carbon overlayer on the analyzed phosphor surface. Shape and binding energies of XPS spectra of constituents for STO showed little variation between them prior to and after electron irradiation, except for the O 1s spectra; an intense peak at 531.7 eV in the O 1s spectra is observed. So, to further investigate the detailed changes of O signal for STO phosphors, XPS analysis of STO phosphor samples with a function of exposure time of extended electron beam was performed, shown in Fig. 5 . In the case of the STO phosphors prior to electron irradiation, the binding energies of the O 1s peaks were consistent with those reported for oxygen of STO. 15 In Fig. 5(a) , the main peak is seen at 529.5 eV with a second peak at 531.2 eV. The main O 1s peak at a binding energy of 529.5 eV is ascribed to titanate oxygen. Sayers and Armstrong reported a main oxygen peak at 530.1 eV for a STO single crystal, and this is in good agreement with the data shown in Fig. 5 . 16 The second oxygen peak seen at a binding energy of 531.2 eV, about 1.7 eV higher than the titanate oxygen peak, is ascribed to the contribution of hydroxyl species. 17 Also, it has been reported that this hydroxyl peak for STO comes from adsorption of dissociative water molecules and is seen in all O 1s spectra of STO. 15 However, as shown in Figs. 5(a)-5(d), with the increases of electron exposure time, the shape and binding energies of O 1s spectra are significantly changed. The titanate oxygen peak at 529.5 eV decreased steadily due to the addition of the carbon overlayer on the phosphor surface previous referred to, as shown in Figs.  4(b)-4(d) . However, the intensity of hydroxyl peak has increased steadily and its peak has exhibited a small shift to a binding energy of 531.1 eV. As in the case of TiO 2 surfaces, the interactions of water with STO surfaces have also attracted considerable attention due to the discovery of the photocatalytic properties of STO. Many researchers have applied photoemission spectroscopies and electron energy loss spectroscopy to study the adsoption and dissociation of water on STO. [20] [21] [22] [23] [24] In particular, it has been reported that dissociative adsorption was observed for water only on reduced STO surfaces. 18 In other words, water was found to be adsorbed in the form of molecule on stoichiometric STO surfaces, but dissociatively on reduced STO surfaces. Consequently, based on the XPS results shown in Fig. 5 , it is understood that the increase of the hydroxyl peak in STO phosphors after electron irradiation is responsible for the oxygen loss in STO oxides in the perovskite structure. In practice, in the case of an oxide phosphor, the reduction in brightness appears to result from the reduction of the oxide due to its reaction with electron beam, apparently resulting in enhanced nonradiative surface electron-hole pair recombination. 25 Also, the shift of hydroxyl peak is thought to be probably due to the weaker interaction between the titanate oxygen and the hydroxyl peaks because of a reduction of oxygen content. From the discovery of photoinduced water splitting on TiO 2 electrodes in 1972, TiO 2 has been widely studied because of its potential industrial applications. [26] [27] [28] When ultraviolet (UV) light is illuminated on it, electron and hole pairs are generated and they reduce and oxidize adsorbates on the surface, respectively, producing radical species such as OH· and HO 2 − . These radicals decompose most organic compounds; thus, much research has been conducted on TiO 2 with intention of its application to water and air purification. 29, 30 In addition to the TiO 2 , STO is known as an efficient photocatalyst for the production of gaseous hydrogen from water and for the decomposition of various organic compounds. 31, 32 Moreover the electronic structure of STO resembles that of TiO 2 , i.e., valence and conduction bands of these metal oxides consist mainly of O 2p-like orbitals and Ti 3d-like orbitals, respectively, with band gaps of about 3 eV. It is also reported that the STO surface is composed of Ti-O, and no Sr 2+ ions are exposed. 33 The present results indicate that the extended electron-beam exposure at low voltage and high current creates reduced STO on the STO surface, resulting from the dissociative adsorption of H 2 O contained in vacuum ambient. As a result of the dissociative adsorption of H 2 O, STO produce various radicals such as OH· and HO 2 ·, respectively, which decompose organic compounds chemisorbed on the surface in vacuum ambient eventually. Consequently, organic compounds chemisorbed on the surface of STO from the residual gases in vacuum ambient are decomposed, and deposited as a form of carbon-species on the STO surface. However, this process did not occur in the presence of background oxygen. Measurements performed by using residual gas analyzer proved that the oxygen components are not observed in vacuum ambient (not shown). Similarly, this phenomenon is observed in the case of TiO 2 . 34 Consequently, it is understood that this mechanism may attribute to the large amounts of carbon adsorption by ESCR on the surface of the STO phosphor, resulting in a rapid degradation in the phosphor performance.
IV. CONCLUSION
We present basic experimental results on the characteristic changes present in the STO phosphors during low voltage electron irradiation. The amount of carbon adsorbed on the phosphor surface increased steadily with electron doses, resulting in a serious degradation in the phosphor performance, especially at low voltages. Also, based on the XPS results, we found that the oxygen is reduced from the STO phosphor under prolonged electron irradiation, which probably leads to the dissociative adsorption of H 2 O on the phosphor surface. The hydroxyl species produced by such dissociative adsorption of H 2 O strongly decompose organic compounds chemisorbed on the surface from vacuum ambient used in display devices into carbon species due to the photocatalytic properties of STO. Consequently, it is very likely that this mechanism attributes to the larger amounts of carbon adsorption by ESCR on the STO phosphor surface than other phosphors, resulting in a rapid degradation in the phosphor performance.
